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ABSTRACT

This report dcscribes ths resuits of a 9-month study of a lightweight inuw- .
gral regenerative g.: furbine for high performance.

Two vell-integrated enginre concepts have bean designed by utilizirg an
annular recuperator cf tuhular censtruction wrapped a~ound the turbo-
machinery to give compivt, :ightweight engine packages. In botn designs,
the recuperator is cunsidered {c be prime structure and acts as the struc-
tural backbone of the engine assembly. Utilizing such an arrangement, the
recuperater and turbomachinery being concentric, minimizes any distortion,
temperature differentiala, and pressure losses, and by having ail the ducts
integral with the engine structure, contributes to a lower overal!l engine
cost.

Eaze of routine inspection ard maintenance for the two engines, which were
designed with the minimum of mechanical complexity, is emphasized by the
fact that with a single tool, the engine azsembly can be split into the
three b:sic modules, namely, the gas generator power section, the power tur-
bine section and the recuperator, in a few minutes.

For the cycle conditions, with an airflow of 5 1b/sec, pressure ratio of

9:1, and a turbine inlet temperaturs of 2300°F, s femily of lightweight r
engine designs has been estabiished over & range of resuperator effective-

ness from 0.40 to 0.8C and a range of pressure lozs from 4 percent to i0

percent. At the extrawe end of the ranges of variables, an engins design

is concluded with a specific fuel consumption nf 0.533 lb/hp hr, the curres-

ponding specific power being 194.70 hp/lb/sec. This perfermence is achiaved

within an engine enveiope of 23,i8 in, diameter by 33,0 in. lengih; the

specific weight of the unit is 4¢.66 1b/1b/sec.

In the analysis, a reference engine design was establishec with a rerupera-
ter effectiveness and pressure loss of 0,65 and 6 percent respectively,

With an SFC and specific power of 0.3£5 and 192.54 respectively, thz snecific
weignt of the lightest design was 34.72, this corresponding to a rower-tc-
weight ratio of 5,55, This performance iz achieved within an 2ngine enve-
iope of 19.04 in. diameter sy 28.5 in., length and at an estimated cost of
$42.9/horsepower.

To provide a diract comparison in the analytical studies, a ncnrecuperative
engine was dssigned using the same cycle conditions, With an SFC and spe-
cific power of 0.4€6 and 204.4 respectively, the specific weight of the
engire was l3.35, this corresponding :o a power-to-weight ratio of 8.75.
This performanc= is achieved within ar engine envelope of 14.0 in. diameter
by 28.55 in. lcugth and at an estimated cost of $33.24/horsepower.
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INTRODUCTION

Application of recuperation to the small gas turbine can provide a
significant improvement in Army aircraft range capability and in fuel
logistics. Recuperators are attractive from standpoints of both incrsased
range per load of fuel and ootentially lower overall costs resulting from
fuel savings.

To date, very few recuperative gas turbines have been utilized for aircraft
or helicopter propulsion. In most cases, the engines evaluated have been
existing gas turbines which were modified to accommodate a recuperator.
While these engines, with essentially boit-on recuperators, have performed
satisfactorily and have demonstrated the structural integrity of the heat
exchanger, they do not represent optimum designs fronf the standpoints of
maximum performance and minimum weight.

In this study, analytical and design approaches have been made to arrive at
a truly integrated engine design, not merely zrrangements in which the
recuperator was added to the turhomachinery. Verious compressor, turbine,
combustor, and recuperator arrangements were evaluated and assessed on the
basis of degree of integration. One of the principal goals was to estab-
lish a lightweight, compact engine unit.

The engine cycle conditions were fixed; namely, a mass flow rate of 5.0 1b/
sec, a turbine inlet temperature of 2300%F, and a compressor pressure

ratio of 9:1. All of the component efficiencies were defined, with the
exception of recuperator effectiveness ard pressure loss, which were con-
sidered as variables ir the study. The study was aimed at selecting two
engine configurations, one for external installation on the aircraft or
kelicopter and the other for internal installation. Various flow configura-
tions were evaluated as a part of the study aimed at identifying the optimum
unit for each type of installation. Engine configurations having minimum
weight and cost were selected, and a sensitivity study was carried out to
show how small changes in any one of the basic parameters affect the zom-
plete system. For each type of installation, optimum recuperators are
identified for maximum net weight savings at given mission times.

U. S. Army Aviation Materiel Laboratories initiated & 9-month program
to evaluate lightweight integrated recuperator concepts for small high
performance aircraft gas turbines. This document is part of the final
report of that program.
The program was organized into five work tasks as outlinad below:

Task | - Engine Performance and Design Data

Tesk 2 - Configuration Study

Task 3 - Recuperator Parametric Study




M

Task 4 - System Comparison and Evaluations
Task 5 -~ Sensitivity Stugy of Cptimum Systems

Each work task is deecribed in a separate section of this report. The

results and the program conclusions ar2 presented in tne last two sections
of this report.
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ENGINE PERFORMANCE AND DESIGN DATA

CYCLE DETAILS

The basic engine design point parameters are outlined in Table I; in addi-
tion, a series of parameters necessary for establishing the size and per-
formance of the turbomachinery components is outlined in Table II. This
data was used in a computer program written for gas turbine engine cycle
analysis and component evaluation.

TABLE I. ENGINE DESIGN POINT CYCLE DATA

= —
Engine airflow, lb/sec 5
Compressor pressure ratio 9:1

' Compressor efficiency, percent 82

Combustor efficiency, percent 99
Combustor pressure drop, percent 3
Turbine inlet temperature, °F 2300
Gas gererator turbine efficiency, percent 86
Power turbine efficiency, percent 90
Cooling air, first nozzle, percasnt 1.5
Cooling air, first blade, percent 1.5
Cooling air, second nozzle, percent 0.5
Fixed geometry

e

PERFORMANCE DATA

A study was carried out to estimte the performance of the recuperative
engine as a function of the two basic heat exchanger parameters, namely,
effectiveness and pressure loss. In Figure |, the curves show specific
fuel consumption (SFC) and engine specific power (sp hp) as a function of
recuperator effectiveness and pressure loss. Recuperator 2ffectiveness (e)
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TABLE II. ADDITIONAL DATA USED IN ENGINE CYCLE ANALYSIS

Inlet duct loss (AP/P) 0
Interstage turbine diffuser loss, percent 3
Leakage (at compressor discharge pressure) v 1.5
percent
LHV of fuel, Btu/lb 18,400
Accessory power, hp 6.0
Gas generator mechanical efficiency, percent 98
Recuperator leakage 0
*Range of recuperator effectiveness 0.40 to 0.90
#*Range of recuperator pressure loss (A%), 2tol0
percent
Recuperator pressure loss split 1.5
' (AP/F)gaS/(AP/P)ah_
Total cooling airflow Hc, percent 3.5
Compressor discharge mass fiow, Ib/sec £.0
Recuperator inlet flow {cold side), lb/sec 4.75
.0 - o + 3.

5.0 - (1.5% W+ 3.5% W)
Gas generator turbine inlet flow, 1b/sec 4.85

4.75 + (2% We )
Power turbine inlet flow, 1b/sec 5.0

4.85 + (3% Hc reentered)
Recuperator inlet flow (hot side), lb/sec 5.0

(w'cp)air (Tout"Tin)air
¥Recuperator effectiveness ¢ defined as €=
(w.c) . (T, -T. .
p'min ' in gas in air)
where W = mass flow rate
Cp = specific heat
T = tctal temperature

**Recuperator overall pressure loss (AP/P) defined as

(apm) = (=21C) + (= 5-)

air in gas in




Specific power, hp/ib/sec

Specific fuel consumption, 1b/hp-hr

200 ¢ l
e 0.02
(95 J
0.04
ey |
= 0.06
196G . ‘
_‘p-..-L - =Jo.o|s
185 - 0.10
Recuperator total pressure loss = (Ap/p) gas + (AP/P) air-
N 1 T O T T O O
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Figure .

Recuperator effectiveness

Consumption and Specific Power.
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Effect of Recuperator on Specific Fuel




is varied from 0.40 to 0.90, and pressure loss (AP/P) is varied from 2 to
i0 percent. The curves are drawn for standard day, sea level conditions,

with zero aircraft velocity.

To compare performance, weight, and cost between a nonrecuperative and a
recuperative engine, a further analysic was considered. Using the same
cycle conditions and component efficiencies, a performance estimate of a
nonrecuperative engine was carried out. Although a direct comparison of
performance, weight, and cost between nonrecuperative and recuperative
engines is being made, (n 3rlual practice the optimum nonrecuperative engins
might have been at a much higher pressure ratio than the 9:1 given for the
recuperative engine. T2 enable layouts to be made cf the recuperative
engine, a cycle point corresponding to intermediate values of effectiveness
and pressure loss was selected. Considering mean values of effectiveness
and pressure loss from the range given in Table II, a design with an effec-
tiveness and pressure loss of 0.65 and 6 percent, respectively, was selected
and sized so that conceptual design laycuts of the recuperative and nun-
recuperative engines could be made. Throughout the study, this engine
design point has been referred to as the reference recuperative engine.

From the performance analysis, a direct comparison between the reference
recuperative engine and the nonrecuperative engine is given below.

L 4

Specific
Powzr Power SFC
(hp/1b/sec) (hp) (hp/1b/hr)
Reference 192.54 962.7 0.365
recuperative engine
Nonrecuperative 205.66 1028.3 0.464

engine

Values of temperature and pressure throughout the cycle, together with
salient component !oadings, for the recuperated and ncnrecuperated engines
are given in Tables II: and IV, respectively.

COMPRESSOR DESIGN

During the preliminary phase of this przgram, when the compressor type
was being evaluated, advantage was taken of the findings from 2 small axial-
centrifugal compressor matching program beiny carried out at AiResearch
(Reference |). This, together with other work in the industry, indicated
that an axial-centrifugal compressor would provide high efficiency and
would be well suited for an engine having the design point at the maximum
power rating. The axial-centrifugal compressor configuration gives a short
package envelope, and can be produced at a relativeiy low cost.
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Overall design performance estimates were made based on current in-house
and industry technology and on advanced technology prcjections considered
to be achievablie within a 3-year development prcgram. Component perfor..
mance was estimated msing existing test data and advanced technology pro-
jections for single-stage axial compressors as shown in Figures 2 and 3.
The axial compressor performance was taken from the state-of-the-art curve
shown in Figure 3. The aerothermodynamic analysis showed that the required
performance could be realized with pressure ratios of 1.5 and 6.0 for the
axial and centrifugal compressor stages,; respectively.

The specific speed, N'g, of the centrifugal compressor is in the order

of 50, and for this value the projected curve on Figure 2 shows a poly-
tropic efficiency of 86.5 percent. This is approximately one percentage
point higher than that shown for existing compressors and is equivalent to
an adiabatic efficiency of 81.6 percent at a pressure ratio of 6.0. The
adiabatic efficiency of the axial stage is 90.5 percent, and combining the
two-stage efficiencies yields an overall compressor efficiancy of 82 percent.

JURBINE DESIGN

For a recuperative engine design of minimum volume and weight, it is
desirable to establish a design in whick the exit Msch number from the last
turbine stage is as low as possibie in order to minimize exit diffuser
length and turning losses in the turbine to recuperator ducts. Although
the design value of total-to-total power turbine efficiency of 90 percent
may be attained in a single stage, the above mentioned condition could not
be satisfied- For example; related studies involving similar engine types
indicate a three percentage point penalty in total-to-static efficiency for
a one-stage turbine compared to a two-stage turbine. The corresponuing
reduction in duct exit Mach number was 3! percent. For these reasons, a
two-stage power turbine was selected for the recuperative engine design.

With a turbine inlet temperature of 2300°F, the relatively small amount

of cooling air specified in the contractual agreement for the turbine com-
ponents suggests the use of a highly sophisticated cooling scheme in
combination with advanced materials which would allow metal temperature in
excess of 1800°F. Using present materials and convective cooling tech-
niques, it has been estimated that cooclant flow would have to be increased
by nearly a factor of 3 in order to realize a 1000-hr life from the critical
rotating componerts. It is believed that within the projected vime period
to a preflight rating test for the subject engine, a material or materials
will be developed which will allow use of uncooled stators for the desired
operating temperature, or at least will aliow a considerable reduction in
the arount of cooling air required. If the stator cooiant requirements are
reduced enough, convective cooling techniques could provide the required
cooling for the rotor blades with use of the specified total cooling air-
flow rate. If stator materials, such as silicon nitride and alloys of
columbium, to allow vane temperature to exceed I800°F are not available,
then no significant reduction in stator cooling requirements would neces-
sitate using transpiration cooling techniques for some, or possibly all,

of the cooled components.
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The turbine fiow-poth sizing and stuge work, etc., were based upon use

of the specified coolant flow rates and stage efficiencies. However,
because of the uncertainty of the effects of transpiraticn ccoling on the
2erodynamic characteristics of the turbine stages, the effect of losses due
to cooling was not considered in the estimation cf the turbine efficiency.

The calcilated total-to-total efficiency of the gas generator turbine,
with an assumed 0.015~-in. radial ciearance, was 89.5 percent neglecting
aerodvnamic losses due to cooling. This value is 3.5 percentage points
higher than the design value; therefore, it is felt that a sophisticated
cooling technicue and/or use of advanced materials would aliow a developed
axial gas generator turbine to operate with a tota!-to-total efficiency of
86 percent.

Since a two-stage turbine was selected, the agrodynamic design of the
power turbine is more conservative than that for the gas generator turbine.
Operating with a 0.01S-in. radial clearance, the turbine is estimated to
have a total-to-total efficiency of 90.5 percent (again neglecting aero-~
dynamic losse: due to cooling). The two-stage design has a relatively low
exit Mach number (0.346), and thus it permits use of an exit diffuser
having an effective Tength of only 3.5 in. Since the coolant Tlow rate is
relatively low for this turbine (0.5 percent for the first-stage stator),
it is felt that no significant problems would be encountered in developing
the turbine to operate at the specified efficiency of 90.0 percent including
cooling losses:

The efficiency estimation for this turbine was based upon counterrotating
the power turbine in order to keep the power turbine first-stage stator
turning losses low {since the gas generator turbine runs with 25 to 30 deg
of counterswirl at the design point If counterrotation was not provided,
a smsil additional stage loss would be incurred.

COMBUSTOR DESISGN

In advanced regenerativc engines having high compressor pressure ratios
and high turbine inlet temperature, flame tube cooling becomes increasingly
difficult. One partial solution to this problem is to reduce the surface
area of the sheet metal to be cooled. Reduction of area is accomplished by
shortening the combustor as much as possible. For this design the end
result of shortening, traded off against pressure losses and efficiency
effects, was 8 redied volume combustor which fits conveniently into the
cavity formed betweer the back face of the centrifugal compressor diffuser
and the recuperatonr cas side duct. Although the combustor is relatively
small, it is still conservarive on pressurz loss (which is sat by the
diffuser exit dynamic head) ard shosid Heve stzrting capability up to
33,000-Ft a2ititude.

12




In typical gas turbine engines, most of the hezt input to the flame tube
is from radiation, and 60 paréent of the flame tube cooling is by external-
forced convection (which effectively controls the allowable pressure

loss). By utilizeng a vaporizing, forced recirculatior-type combustor
which operates with a blue flame, radiation is reduced significantly and
flame tube heating is thereby reduced. Additionally, as discussed above,
the sheet metal surface was minimized in order to conserve cooling zir.

The net effsct is that flame tube cooling is not considerad to be a signif-
icant problem in this combustor design.

Attainment of an adequate temperature <istribution factor, TDF, is
considered to be the prime development problem with this combustor, where
TDF is defined as

T -T
TDF:._“__B.’.‘__T_EI
Tav " in.

HEAT EXCHANGER DESIGN

Since a compiete section in this report is written specifically on the heat
exchanger, this section merely outlines cverall goals. The fixed boundary
rescuperator (as opposed to the rotary regenerater and liquid-coupled re-
generator) was chosen because of its simplicity, high reliabillty, and zero
leakage, and because much test and fabrication experience has been accumu-
lated by AiResearch over the last few years. The matrix must be designed
so that high heat transfer performance is achieved under severe limitations
of pressur2z drop, weight, volume, and cost. The recuperator must be inte-
grated with the engine with careful attention given to efficient diffusion
of the air and gas streams, and gocd flow distribution. Material szlection
and mechanical design of the recuperztor must be compatible with required
service life under severe operating conditicns of vibration, high tempera-
ture, and operation in a corrosive hot gas atmosphere.

MECHANICAL AND STRUCTURAL CONSIDERATIONS

The recuperator shown in the reference engine in Figure 4 is an annular
design wrapped around the turbomachinery; with this arrangement, the recu-
perator is considered to be prim: engine structure, thus giving a fully
integrated, lightweight, compact engine package. With the recuperator being
fully integrated with the turbowachinery, the need for additional ducting

to take the air and gas to and from the heat exchanger is eliminated. The
recuperator as shown is a lightweight tubular design of brazed and welded
construction.

This engine design concept divides the components ints two basic modules.
The gas generator assembly, including all accessories, zomprises one module.
The other module integrates the power turbine and recuperator. Separation
of these modules is accomplished by removal of bolts from one flange, which
is located in a plane just aft of the centrifugal compressor. The two
rotating assembiies are essentially isolated from each other. The only

13
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internal mechanical connection s thrcugh a piston-ring seal botwsen the
gas-generator turbine shroud and the interstage diffuszr duct. Thus,
movement of the turbine shrouds refative to ti.2 blades, due tn tharmal
gradients, should be minimized since the shrouds are cantilevared only a
short distance from their respective turbine housings, ard movement of
structural members is not transmitted from component to comporent.

The primary lcad path, through which the power turbine bearing housing

is supported, originates at the flange, passes threugh the outer plenum,
ang through three struts to the housing. The three struts pass tinrough the
turbine-to-recuperator duct and through the exhaust annulus. The entire
assembly of outer shell, struts, turbine-to-recuperator duct, exiizust
annulus, recuperator core, and bearing housing shell is fcrmed as an inte-
gral unit by brazing and welding. With the same tool used for separating
the basic engine modules, this entire recuperator assembly can ba guickly
removed from the power turbine section by the removal of bolts in one flange
only. Considerable stability is afforded by this recuperator stiucture,
and large excursioiis >f the power turbine bearing housing due to thermal
gradients are not expected. With the flo~ paths chosen, the outer shzll of
the assembly operates at the lowest temperature, and it is expected that
growth of the recuperator due to temperature would be toward the front of
the engine. Sealsat the forward end of the recuperator which provide
continuity of flow path between the two basic modules offer compliance to
allow for this growth.

The power turbine stators and interstage diffuser are supported by members
from a flange which is carried off the inner diameter of the turbine-to-
recuperator duct.

The output shaft was located at the rear of the engine to obtain a simpli-
fied shafting and bearing system. By minimizing the shaft dynamics problem
and, as noted above, by isolating each rotating assembly, it is expected
that turbine tip clearance may be reduced to a minimum and thus provide
increased turbine efficiency.

Accessories are driven from the front end of the gas generator shaft.
Starter, fuel control, fuel pump, and oil pump are all sized to operate at
30,000 rpm. A considerable reduction in weight both in the accessories
and in the accessory drive components is realized by allowing this rela-
tively high rotative speed.

No final reduction gearbox has been shown on any of the desians considered
in this report, and a power turbine shaft output rotational speed of
40,000 rpm is assumed.

MATERIALS
The gas generator turbine design was based upon use of Waspaloy for the

disc material and MAR-M246 for the blade material, with an electron beam
weld providing the attachment.
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Engine Configuration A-I.

Recuperative
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An alternate material combination which could be considered is AF2-iDA for
the disk and IN59! for the blades. The material AF2-IDA is extremely diffi-
cult to weld without the generation &f cracks. Therefore, for this material
combination, the design would probably require use of a fir tree attachment
and might require some modifications to the blade design to accommodate the

attachment.

If the gas nenerator turbine stator is assumed to have a cooling scheme
which will maintain a vane metal temperature of |800° with the specified
coolant flow and inlet gas temperatures, one of the foilowing superalloys
could be used for vane material: IN738, MAR-M432 or MAR-M509. Stator
material csndidates that would ailow the vane temperature to exceed |800°F
are silicon nitride and alloys of columbium. For the time pericd being
considered, it is expected that these materials will be developed suffi-

ciently to be used for this application.

The above discussion applied equally to the first-state stator in the

power turbine. For the second-stage power turbine stator and both power
turbine rotors, the gas tenmperature is low enough to permit use of typical
currently used superalloys. For this study, it was assumed that the rotors
were integrally cast of INIOO. The second-stage stator could be cast of

INCO 713C.

Presently available alloys considered for usz as combustor liner materials
include Hastelloy X and Haynes 188. It is believed that alloys of colum-
bium or silicon nitride could be utilized for advanced designs.

For the cocmpressor, the following materials are recommended:
Axial (blade and disc) titanium alloy 6Al-4V
Centrifugal (blades and disc) titanium alloy 6Al-2Sn-4Zr-2Mo

In the recuperator analysis a range of high temperature materials were
evaluated, including 347 stainless steel, Hastelloy X, Incoloy 800,
Inconel 625, and N-155.

NONRECUPERATED ENGINE DESIGN

To compare recuperative and nonrecuperative engines in the sensitivity
study, a design of a nonrecuperative engine using the same cycle conditions
was carried out. Details of the nonrecuperated engine are shown in Figure
5. The major design considerations upon which this configuration was based

are outlined below:

I. The axial plus radial compressor configuration provides the
required design efficiency in a short package envelope and at

a relatively low cost.
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2. The reverse-flow annular burner is utilized to reduce cverall
iength. No penalty in diameter is incurred since the burner
0D is within the package envelope dictated by the compressor
diffuser.

3. A single-stage turbine having relatively high loading is
utilized for the gas generator turbine. This desicn brovides
the design efficiency specified and, as studies of highiy
loaded stages have shown, has the design potential of a reduced
relative gas tamperature and, hence, lower netal temperature
and reduced coolant flow rates.

4. A two-stage power turbine was selected to provide the dasign
point efficiency and a low-ieaving Mach number.

The nonrecuperative engine is also of modular construction. There is no
mechanical connection between the gas generator and power turbine rotating
assemblies, and these two major subassemblies can be separated by the re-
moval of bolts from one flange, which is located in a piane directiy in
line with the power turbine first-stage rotor.

18
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Nonrecuperative Engine Design.

Figure 5.
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CONFIGURATION STUDY

DEFINITION OF FULLY INTEGRATED CONCEPT

For industrial application, some gas turbines are designed for dual operation
as recuperative or nonrecuperative engines. Provisioning this feature in
the design usually necessitates some compromise in performance, mechanical
integrity, and cost, because neither of the variants represent truly optimum
designs. To date, very few recuperative gas turbines have been utilized for
aircraft or helicopter propulsion. In most cases, the engines evaluated

have been existing gas turbines which were modified to accommodate an exhaust

heat exchanger. While these engines, with essentially bolt-on recuperators,
have performed satisfactorily and have demonstrated the structural integrity
of the heat exchanger, they do not represent optimum designs from the stand-
points of maximum performance and minimum weight.

In this study, analytical and design approaches have been made to arrive at
a truly integrated engine design, not merely arrangements in which the
recuperator was added to the turbomachinery. In the sizing of the turbo-
machinery components, several gas flow paths were evaluated and assessed on
the basis of degree of integration with the recuperator to form an integral
package. In most of the designs, the recuperator is considered to be prime
structure and forms the structural backbone of the engine assembly.

Flow configurations for two types of engine installation were evaluated. 1In
the first installation, the engine assembly is mounted externally, and in
the second, the engine assembly is internally installed within the vehicle
structure. The various arrangements shown are corceptual designs only and
are drawn to show the gas flow paths and how the recuperator is integrated
with the turbomachinery. In the conceptual designs shown, features such as
the gearbox, primary seals, bearings, detailed component interfaces, and
exhaust ducts have not been included. These mechanical aspects assnciated
with a truly integrated engine arrangement will be shown later in layouts
of the selected configurations for each type of installation.

From the turbomachirery aerodynamic and thermodynamic studies, it was Vound
that to achieve the 9:]1 compressor pressure ratio at an efficiency of 82
percent, a single axial and radial stage could be utilized. This arrange-
ment gives a short axial flow length, and air delivery ducts to the
recuperator can be integrated with the engine structure by virtue of the
air exiting from the compressor in a radial direction. To realize the

gas generator and power turbine efficiencies of 86 percent and 90 percent
respectively, axial stages are required; one stage is necessary for the gas
generator turbine and two stages are necessary for the power turbine. For
the combustor, straight through flow, reverse-flow annular, radial annular,
and a centrally located conical arrangement were exazmined. With the basic
turbomachinery aerothermodynamic ground rules establishing the number of
stages, etc, a series of conceptual designs is outlined in which considera-
tion is given to packaging of the recuperator and rotating components to
give a compact engine unit.

2l

T L b

SR .

o — o T




DESIGN CONCEPTS FOR EXTERNAL ENGINE INSTALLATION (A)

The conceptual designs shown in Figures 6 through 21 illustrate the gas
flow paths envisioned for an integral unit; the actual recuperator surface
geometries for the selected configurations will be evaluated in the para-
metric study for a wide range of operatirg conditions. With this type of
installation, where the engine assembly itself is exposed to external view,
confiqurations have been considered in which the recuperator and as muchk of
the associated high temperature ducting as possible are effectively hidden
from view.

Configuration A-1 shown in Figure 6 is a two-pass cross-counterflow design
with the high pressure compressor discharge air flowing single pass inside
the tubes and the low pressure turbine exhaust gas flowing two pass across
the bundle. As for most of the designs shcwn, plate-fin or finned-tube sur-
face geometries could alsc be utilized. The recuperator is effectively
shrouded by the compressor discharge asrulus. The recuperator is considered
to be prime engine structure, and this results in a fully integrated, 1ight-
weight, compact engine package. With the recuperator being fully integrated
with the turbomachinery, the need for additional ducting to take the air and
gas to and from the heat exchanger is eliminated. The exhaust gas leaves
the engine-recuperator structure in an axial direction through an annulus

at the rear of the engine. The turbomachinery layout is conventional, with
the power turbine drive shaft at the rear {hot end) of the engine. The gas-
generator and power turbine drive shaft assemblies are not mechanically
connected, and the engine can be quickly split into the two basic power
modules by removing the bolts from one flange only.

Configuration A-2 shown in Figure 7 is a three-pass cross~counterfiow design
in which the air flows single pass inside the tubes and the gas flows three
pass across the bundle. To have an effectively shrouded recuperator with
this flow configuration, it is necessary to exhaust the gas radially from
the recuperatci by means cof a series of radial ports formed through the
outer air annulus. Locally in the gas exit area, the recuperator matrix
would be partially exposed. The recuperator is regarded ac prime engine
structure, and this results in a light, compact engine package.

Configuration A-3 shcwn in Figure 8 is a muitipass variant of configuration
A-1 for designs requiring a high level of effectiveness. The multipassing
on the low pressure gas side implies that the surface geometry compactness
would have to be fairly low to satisfy the low gas side pressure loss re-
quirement. The recuperator again ic assumed to be prime engine structure.
The exhaust gas leaves the engine in an axial direction through an annulus
at the rear of the package.
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Configuration A-4 shown in Figure 9 is a two-pass cross-counterflow design
with the high pressure air rlowing two pass inside the tubes aiid the gas
flowing single pass across the bundle. The recuperator is considered to be
prime structure, but additional ducting is required as shown to give a
design in which the recuperator is effectively hidden from view. The ex~
haust gas leaves the engine in an axial direction throush an annulus at

the rear of the package.

Configurations A-5 and A-€& shown in Figures 10 and 11 respectively are
both counterflow plate-fin variants. With such a flow configuration, end
sections are necessary to direct the air and gas to and from the pure
counterflow portion of tna heat exchanger. The conceptual designs show
typical mitered headering arrangements that can be utilized in a plate-fin
unit, The plate~-fin variants could be either of modular construction, in
which a series of elements would be circumferentially positioned around the
turbomachinery, or a full annular core, in which the matrix would be fab-
ricated as one assembly. In either case, the recuperator assembly could
be considered as prime structure. In both configurations, the exhaust gas
leaves the engine in an axial direction from the rear of the package.

Configuration A-7 shown in Figure 12 is a two-pass cross-counterflow design
with the high pressure compressor discharge 2ir flewing single pass across
the bundie and the low pressure turbine exhaust gas flowing two pass inside
the tubes. This flow pattern could aiso be realized with plate-fin or
finned-tube surface geometries. The recuperator is again assumed to be
prime engine structure giving an integral engine unit. The exhaust gas
leaves the engine-recuperator structure in an axial direct on from the

rezr of the engine.

Configuration A-8 shown in Figure 13 is an arrangement in which both fluids
are multipassed. As drawn, the high pressure air flows tnree pass outside
the tubes and the low pressure gas flows two pass inside the tubes to give
three-pass cross-counter-parallel-flow arrangement. With this design, the
core could also be constructed from plate~-fin or finned-tube surface geom-
etries. Multipassing on both sides of the unit necessitates the use of

low compactness surfaces to satisfy the low pressure loss requirements, and
this results in a heat exchanger core weight and volume penalty. The ex~
haust gas leaves the engine in an axial direction from the rear of the
engine.

Configuration A-9 shown in Figure 14 is a pure counterflow tubular design
in which the high pressure air flows inside the tubes. The low pressure
gas flows in an axial direction outside the tubes. This design would prob-
ably have a large volume and weight because of the poor heat transfer
coefficient assaciated with che axial gas flow outside the tubes.

Configuracion A-10 shewn in Figure 15 is a parallel-flow tubular design

in which the high pressure air flows insi. the tubes. The low pressure
gas flows in an axial direction and leaves the core radially in a series
of ports formed in the air delivery annulus. Thermodynamically, the

25

PO




/—’—- Gas
7/ outlet

Air
inlet

Figure 9. Engine Configuration A-4,

Gas
outlet

Figure 10, Engine Configuration A-5.

26

eamn A T AL

o .«ﬂ"

bRl G YR kA

o 2w b

L

At o it 05




= e T

s AR A A0S 0 R SRR

i
Gas
ocutlet
a4
Figure il. Engine Configuration A-6. j
:
1
Gas
® outlet
!
1) - £
& :
3

Figure '2. Ergine Configuration A-7.




Gas
i * outlet

2N

Figure I3. Engine Configuration A-8.

Gas
outlet

Air
inlet

: Eoesiozamemse = ‘)_

Figure l4. Engine Configuration A-9.

28




]
1
]

C———> Gas outlet

s ports

i !

! !

! !

T
}
Figure 15. Engine Configuration A-10.
|
i
29

e —

e,




L

flow path is poor, since with a capacit' rate ratio close to unity, the
maximum attainable effectiveness for paraliel flow is only 50 gercent.

Configuration A-11 shown in Figure 16 is a two-pass cross-counterflow
design in which the recuperator is mounted on the back of the engine. The
high pressure air, which is delivered to the recuperator through a long
annulus, flows two pass outside the tubes. The low pressure gas flows
straight through the tubes and exits in an axial direction. In this design,
the recuperatior is added to the turbomachinery rather than being fully in-
tegrated at the design stage.

Confiquration A-12 shown in Figure 17 is a counterflow plate-fin variant
of A-1]1 and is drawn to show the end section arrangement necessary to

duct the air and gas to and from the pure counterflow portion of the heat
exchanger.

Configuration A-13 shown in Figure 18 is a two-pass cross-counterfiow
design with the recuperator located at the rear of the engine. The air
flows single pass inside the tubes and the gas flows two pass outside

the bundle. The gas flows from the recuperator in 2 radial inward direc-

tion, and some ducting is necessary to turn the exhaust gas in an axial
direction.

Configuration A-14 shown in Figure 19 is a variation of the previous design
with three passes on the air side and two passes on the ;as side. Like

Configuration A-8, multipassing on both sides of the heav exchanger results
in a unit of increased volume and weight, because of the necessary utiliza-

tion of low compactness surfaces to satisfy the low pressure loss
requirements.

Configuration A-~15 shown in Figure 20 is a three-pass cross-counterfiow
design with the high pressure air flowing three pass across the bundle
and the low pressure gas flowing single pass inside the tubes. This design
is integrated with a modified turbomachinery arrangement in which the
number of compressor and turbine stages remains the same, but a rear
mounted combustor is utilized. With this arrangement, the power turbine
is interposed between the compressor and the gas-generator turbire; thus,
the output shaft centeriine must be offset from the centerline cf the
rotating assembly. This could be accomplished as shown by incorporating
a reduction gear in the drive, and this necessitates taking the output
shaft through the compressor diffuser passage.

Configuration A-16 shown in Figure 21 is a three-pass cross-counterfiow
design with the high pressure air flowing single pass across the bundle
and the low pressure gas flowing three pass inside the tubes. As in the

former arrangement, the gas exhausts from the recuperator in an axial
direction.
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DESIGN CONCEPTS FOR INTERNAL ENGINE INSTALLATION (B)

The conceptual designs shown in Figures 22 through 31 illustrate the gas
flow paths envisaged for an integral unit; the actual recuperator surface
geometries for the selected configurations will be evaluated in the para-
metric study. With this type of installation, the engine assembly is
physically hidden from external view by aircraft structure.

Configuration B~1 shown in Figure 22 is a twe-pass cross-counterflow
arrangement, and as drawn, shows the single-pass high pressure air inside
the tubes and the two-psss low pressure gas outside the tubes. As for

most of the designs shown, plate-fin or finned-tube surface geometries could
also be utilized. The recuperator is considered to be prime engine package.
The exhaust gas exits from the recuperator tube bundle in a radial direc-
tion. As for the previous designs in which the recuperator was wrapped
around the rotating components, the turbomachinery layout is conventional,
and the engine can be quickly split into the two basic power modules.

Configuration B-2 shown in Figure 23 is a twou-pass cross-counterflow design
with the high pressure compressor discharge air flowing two pass inside the
tubes and the low pressure turbine exhaust gas flowing single pass outside
the tube bundle. This flow pattern could also be realized witk plate-fin
or finned-tube surface geometries. The recuperator is again assumed to be
prime engine structure giving an integral engine unit. The exhaust gas
exits from the recuperator in a radial direction.

Configuration B-3 shown in Figure 24 is an arrangement in which both fluids
are multipass~d. The low pressure gas flows three pass outside the tubes,
and the high pressure air flows two pass inside the tubes. Multipassing on
both sides of the unit necessitates the use of low compactness surfaces to
satisfy the low pressure loss requirements, and this results in a heat ex-
changer core weight and volume penalty. The exhaust gas exits from the
recuperator in a radial direction.

Configuration B-4 shown in Figure 25 is a two-pass cross-counterflow design
in which the low pressure gas fiows single pass inside the tubes and the
high pressure air flows two pass across the tube bundle. The exhaust gas |
exits from the front of the engine in an axial direction. '
Configuration B=5 shown in Figure 26 is a pure counterfiow tubular design
in which the low pressure gas fiows inside the tubes. The high pressure
air flows in an axial direction outside the tubes. To fully utilize the
annuiar enveiope availabie for the heat exchanger, the tubes are radiused’
at the ends to form the headers. This type of design wouid probably have
a large volume and weight because of the poor heat transfer coefficient
associated with the ¢ Tal airflow outside the tubes,
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Configuratlon B-6 shuwn in Figure 27 is a tubular design in which the high
pressure 2ir flows two pass incide the tuhes and the low pressure gas flows
in an axial direction outside the tubes. The design is poor from the heat
traensfer standpoint because of the cross-counterflow-parallel~flow configura-

tion, together with the low heat transfer coefficient for axial Flow outside
the tubes,

Configuration B-7 shown ir Figure 28 is a three-pass cross~counterflow
design with the high pressure air flowing single p2ss through the tubes and
the low pressure gas Tlowing three pass across the Lundle. For thic type
ot turbomachinery arrangement, a concentric shaft system is utilized, and
this recessitates an offset drive through the compressor diffuser. The
exhaust gas exits from the recuperator in 3 radial direczion as shown.

Configuration B-3 shown in Figure 29 is a three-pass cross~-counterflow design
with the hiah pressure air flowing three pass inside the tubes and the low
pressure exhaust gas {lowing radially outward across the tube buniile.

Configuration B-9 shown in Figure 30 is a three-pass crocs-parallel-flow
design with the high pressure air flowing single pass inside the tubes and
tne exkaust gas flowing three pass across the tube pundle., Thermodynamically,
the cross-parallel-flow arrcngement is poor, and with capacity rate ratios

ir the order of urity, only very low effectiveness levels are attainable.

Configuration B-!0 shown in Figure 31 represents a radical change in turbo-
machinery gas flow path comgared with all of the above designs. During

the configuraticyi study, no restrictions were placed on the designer as
regards engine package shape and drive shaft arrangement, although the
basic number of compressor and turbine stages and their respective position
in the air ficw path through the engine were adhered to. This gas turbine,
perhaps not practical for airborne application, is included to illustrate
that radical approaches were considered to try to establish engine con-
figurations to satisfy the problem statement. In this design the gas-
generator and power turbine spools are at 90 deg to each cother, and a two-
pass cross-counierflow recuperator is utilized. With this design, cross-
over ducting between the turbines is necessary in addition to *he ducting
required tc take the air and gas to and from the recuperator, so that this
arrangement does not represent a truly integrated design. With the turbine
shafting arrangement as shown, extreme care in the mechanical design would
be necessary to avoid mechanical problems resulting from the thermal
gradients likely to be experienced in such an engine with an unsymmetricai
structure. The engine consists essentially of three basic modules: the
gas-generator section, the power turbine section and the recuperator
assembly.

Some of the above designs are not practical from the heat transfer and
structural standpoints, but they have been included as a part of the over-
all configuration study aimed at seiecting two configurations for each
type of engine installation. Summaries of the above designs for the two
types of installation are given in Tables V and VI.
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TABLE ¥, RELATIVE CORPARISON OF RECUPZRATIVE ENGINE VARIANTS
FOR EXTERNAL INSTALLATION
Heat Degree -
Engine Recuperator Transfer  Structural Cas Flow  Integration
Confiquration Flow lonfiguration Aspects Aspects RE18 with Engine

A-1 Two-pasc Cross- Good tood ticod Good
countarflow

22 Three-pass cross- Good Good Good Good
counterflow

A-3 Four-pass cross- Fair Good Fair Good
counterfiow

A-4 Two-pass cross~ Good Fair Poor Poor
counterflow

A-5 Counterflow Good Good Good Good

A-6 Lwunterflow Good Good Good Gocd

A-7 Two-pass cross- Fair Poor Good Good
counterflow

A-8 Folded three- Poor Poor Poor Fair
pass crossflow

A-9 Counterflow Poor Fair Fair Fair

A-10 Parallel flow Poor Fair Poor Fair

A-11 Two-pass cross Fair Poor Poor Poor
counterflow

A-12 Counterflow good Poor Poor Poor

A-13 Two-pass cross=- Fair Poor Poor Foor
counterflow

A-14 Folded three-pass Poor Poor Poor Poor
Crossflow

A-15 Three-pass cross- Poor Poor Poor Fair
counterflow

A-16 Three-pass cross- Poor Poor Poor Posor

counterflow
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TABLE ¥i. RELATIVE COMPARISOM OF ReL, ... 7 .¥k EHGINE VARIANTS
FOR INTERHAL INSTALLATION
=
Heat Degree of
Engine Recuperator Transfer Structural Gas Flow Integration
Confiquration Flow Configquration Aspects Aspects Path with Engine
B-1 TwWO-pass ¢ross- Good Goc? Good Good
countert low
B-2 Two-pass cross- Good Good Good Good
counterfiow
B-3 Folned three-pess Poor Poor Poor Fair
crows7low
8-4 Two=pass £ross~ Fair Poor Good Good
counterflow
B-5 Counterfiow Poor Poor Poor Fair
B-6 fwo~pass cross- Poor Fair Fair Fair
counterfiow
8-7 Three-pass cross- Good Fair Poor Poor
counterflow
B-8§ Three-pass cross- Good Fair Fair Poor
counterfiow
B-9 Three-pass cross- Poor Fair Poor Poor
parailel flow
8-10 Two-pass cross- Fair Fair Pcor Poor
counterfiow
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SELECTION OF TWO CONFIGURATIONS FOR EXTERNAL INSTALIATIY

In studying the varinus configurations, the most at’ractive intﬂgrateda§cn“
cept appears to be an annuluar recuperator wrapped arouad the turbGmaciiinery
to give a compact package. This concept is structurally desirabl? in that
the recuperator and turbine exit diffuser zan be formed as cae vnit, ard any
axial or radial forces (either pressurs or thermal) can ve acemmodated
satisfactorily. Adding the recuperator to the back of the engine, or .
uti'izing a side-mounted module, necessitates extra ducting and suppe-ting
structure and results in heavier weight arrangements that cannot be reoarded
as truly integrated designs.

In the configurations with the rear-mounted conical combustor, the power
turbine is interposed between the compressor and the gas-generator turbine
and the output shaft centerline must be offset from the centerline of.the
rotating assembly. The offset shaft could be replaced with a rear drive

Ly placing the power turbine upstream of the gas-generator turbine. However,
with this arrangement it is questionabie whether the design values of

turbine efficiency cculd be realized, and part-load performance would be
jeopardized because of swirl in the interstage diffuser.

In the bulk of the configurations examined, the turbine output shaft was
iocated at the rear of the engine to obtain a simplified shafting and bear~
ing system. By minimizing the shaft dynamics problem, and by isolating the
gas-generator and power-turbine rotating assemblies, it is expected that
turbine tip clearance can be kept to a minimum and thus a high level of
turbine efficiency can be ensured.

In reviewing the 16 conceptual designs summarized in Table V, configurations
A-1, A-2, A-5 and A-6 satisfy the design goals of astablishing a compact,
integrated engine unit. In these configurations, the proposed engine design
concept divides the components into two basic modules.

Configquration A-1

As outlined in the engine performance section of this report, a design

was carried out for an engine with a recuperator effectiveness and pressure
loss of 0.65 and 6 percent respectively. The flow paths chosen for this
reference engine design correspond to configuration A-1, and details of the
engine design were shown in Figure 4. The tubular recuperator shown is a
two-pass cross-counterflow design with the high pressure air flowing single
pass inside the tubes and the low pressure gas flowing two pass across the
bundle. The recuperator could be designed with tubular, finned-tube, or
plate-tin surface geometries. The high pressure air delivery to the recu-
perator is by means of an annulus at the engine outer dismeter, and this
provides a pressure vessel, which, in conjunction with the annular recupera-
tor assemdoly and power turbine diffuser duct, forms a structure from which
the power turbine bearing bousing is supported. The exhaust gas exits from
the engine in an axial directioy through an annulus formed by the turbine
diffuser and a flange on the recuperator assembly inner diameter. With the
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nower turbine shaft drive at the rear of the engine, the exhaust ¢as must
be coliected in ar annuiar voiute for final discharge to ambient conditions
through a single circular or rectengular exhaust duct. No ue:2ils of the
final reduction gearbox have been shown on any cf the enginearing layouts
presented in this report.

Configuration A-2

Details of engine configuration A-2 are shown in Figure 32. To compare
engine size with that of configuration A-1, the recuperator has again been
sized for the reference engine value of effectiveness and pressure loss
(i.e., 0.65 and 6 percent respectively;. The tubular recuperator shown is

a three-pass cross-counterflow design with the high pressure air flowing
single pass inside the tubes and the low pressure gas flowing three sass
across the bundle. The racuperator could be designed and built from tubu-
lar, finned-tube, or plate-fin type surface geometry. As for the A-l design,
an outer annulus, which is an integra: part of the engine structure, is used
to deliver air from the compressor d<charge to the recuperator inlet. This
pressure vessel, in conjunction with the annular recuperator assembly and
power turbine diffuser, forms a structure which supports the power turbine
dearing housing. The exhaust gas exits from the recuperator through a
series of radial ducts fabricated within the air delivery annulus. The
geometry of these ducts would be optimized to give minimum flow area block-
age within the air delivery annulus. After exiting from the recuperator,
the exhaust gas is collected in an annular scroll for final discharze to
arbient conditions through a single circular or rectangular exhaust duct.

Corfigurations A-5 and A=6

Details of engine confiqgurations A-5 and A-6 are shown in Figures U and 1}.
The two designs are both pure counterflow variants and differ only as
regards the flow pattern in the mitered end sections. lnlike zonfigurations
A-1 and A-2, which cculd be designed and built froin tubular, finned-tube, or
plate-fin type surface geometry, configurations A-5 and A-A are limited to
plate-fin construction only. With this limiting feature, it is concluded
that configurations A-l and A-2 are the most attractive for the externai
engine installation.

SELECTION OF TWO CONFIGURATIONS FOR INTERNAL INSTALLATION

As for the external installation, the most attractive concept to achieve the
desired goal of a fully integrated, compact, lightweight package appears to
be an arnular recuperator wrapped around the turbomachinery. Since the same
basic turbomachinery arrangement is utilized, the various comments given in
the previous section on mechanical aspects and engine modulization for the
external installations also apply to the selected internal instal:.ations.

In reviewing the ten conceptual designs summarized in Table VI, configura-
tionsB-1 and B-2 satisfy the design goals of establishing a compact,
integrated, 1 ightweight engine unit.

46




Figure 32. Engine Configuration A-2.
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Configuration B-l

Details of engine configuration B-i are z'.~wn in Figure 33. To compare
engine size with tne sizes of the other coxfigurations; the recunerator

has been sized for the reference engine value of effectiveness and pressure
loss (i.e., 0.65 and 6 percent respectively). The tuhuiar recuperator
shown is a two-pass cross-counterfiow design with the high pressure air
flowing single pass inside the tubes and the low pressure gas flowing three
pass across the bundie. Thermodyramically, the basic flow path is the same
as for the A-l engine configuratior. The recuperator could be designed and
built from tubular, finned-tube, or plate-fin tvpe surface geometry. After
leaving the compressor diffuser, the air flows directiy into the recuperator
core and passes through the tukes in & single pass. After ieaving the
recuperator core, the air is turned through 180 deg in a duct formed by the
turbine exit diffuser assembly. The power turbine stators are supported

by two members which are bolted to a flange on the recuperator inner duct-
ing. Elliptical zorts are formed in these members to allow the heated air
from the recuperator to flow back into the combustor. Additional seals are
required after each of the power turbine stages to prevent the leakage of
high pressure air directiy into the turbine duct. The power turbine bear-
ing housing is supported by a structure formed from the turbine exit dif-
fuser, connected through a series of struts to the recuperator inner diam-
cter. After exiting from the recuperator, the exhaust gas is collected in
an asnular scroll for final discharge to ambient conditions through a
single circular or rectangular exhaust duct.

Configuration B-2

Details of engine configuration B-2 are shown in Figure 34. To compare
engine size with that of configuration B-1, the recuperator has been

sized for the reference engine value of effectiveness and pressure loss
(i.e., 0.65 and 6 percent respectively). The tubular recuperator shown

is a two-pass .:oss-counterfiow desigrn, with the high pressurre air flowing
two pass inside the tubes and the low pressure gas flowing single pass
across the bundle. The high pressure, low temperature air flows toward
the rear of the engine in the outer pass of the annuiar tube bundie. A
simple turnaround pan is used to turn the air back through I80 deg into
the second pass of the recuperator. The recuperator could be designed and
built from tubuiar, finned-tube, or plate-fin type surface geometry. The
power turbine stators are supported by two striuctural members which are
boited to a flange on the recuperator assembly. The power turbine bearing
housing is supported by a structure formed from the turbine exit diffuser,
connected through a series of struts to the recuperator assembiy. After
exiting from the recuperator, the exhaust gas is collected in an annuiar
scroll for final discharga to ambient conditions through a sincle circular
or rectangular exhaust duct.

SUMMARY OF CONFIGURATION STUDY

The same basic turbomachinery elements have been used in each of the four
recuperative enginz configurations chusen. A direct size comparison of the
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four designs can be made since the recuperators were ail sized for the same
effectiveness and pressure loss an! thus have the same power and specific
fuel consumption.

In all four cases, the output shaft was lccated at the rear of the engine
to obtain a simplified bearing system, consistent with the gual of estab-
lishing a series of truly integrated turbomachinery-recuperator engine
designs. In each case, the accessories are driven from the front end of
the gas generator shaft. Starter, fuel control, fuel pump, and oil pump
are all sized to operate at 30,000 rpm. A considerable reduction in weight
is realized both in the accessories and in the accessory drive components
by allowing this relatively high rotative speed.

In each of the configurations selected, the simplicity of engine disassembly
has been emphasized, particularly the fact that the gas-generator and power
turbine sections can be separated by the removal of bolts from ocne fliange
only. The recuperator assembly can then be rapidly separated from the
power turbine assembly. With the recuperator wrapped around the turbo-~
machinery to give a compact, integral unit, additional secondary benefits
can be realized. One buliet could severely damage a simple cycle engine,
but the heat exchanged variant is less vulnerable because the recuperator
protects the rotating components; even with local damage in the matrix,
resulting in loss of performance, the helicopter could still fly back to
base. With the confiqurations proposed, the heat exchanger wili provide
turbine self-containment and should reduce the noise level compared with
existing designs,
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T

Engine Configuration B-1,

Figure 33.
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Engine Configuration B-2,

Figure 34,
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RECUPERATOR PARAMETRIC STUDY

ENGIME CYGLE DATA

Data generated during the engine performance calculations were used in the
recuperator analysis. The mass flow rates used in the turbine and recuper-
ator analysis are given below:

Compressor discharge flow 5.00 1ib/sec

Turbine nozzle and blade 3.5
cooling airflow

Leakage at compressor exit 1.5%

Recuperator inlet (cold side) 5.0 (1.%% W, + 3.5 wc) =
4,75 Ib/sec

Gas generator turbine inlet 4.75 + (2% HF) = 4.85 1b/sec
Power turbine inlet 4.85 = (3% Ve reentered) =
5.00 1b/sec
Recuperator inlet (hot side) 5.00 1b/sec

Temperature and pressure data used in the recuperator parametric study are
given in Table VII. Based on the reference engine conditions, with an ef-
fectiveness and pressure loss of 0.65 and 6 percent respectively, an engine
fuel/air ratio of 0.02 was computed. Throughout the study, the fluid prop-
erties on the recuperator gas side were taken to be those associated with
the 0.02 fuel/air ratio value.

In the recuperator analysis, account was taken of the pressure loss in the
ducting of the air and gas to and from the recuperator core faces. The
recuperator pressure loss values quoted throughout the study refer to the
total loss associated with the core and ducts. An air side pressure loss
from the compressor diffuser exit to the recuperator air inlet face of
0.25 percent was assumed. A gas side pressure loss from the recuperator
outlet face to the engine exhaust outlet of 0.50 percent was assumed. In
the engine cycle analysis, a gas side pressure loss from the power turbine
exit to the recuperator gas inlet face of 4.0 percent was assumed, but
this is not ircluded as a part of the recuperator pressure loss. With the
inte. ited recuperator concept, no additional ducting is required from the
recuperator air side exit to the combustor inlet; thus, no pressure loss
is assumed to occur between these stations.

55




juaduad g°0 39 O3 pawnsse judjquwe 03 )€ 19|3IN0O s03esadNdIL Lo Y

2q o1 pawnsse adey 12(ul seb usojeaadndas 03 3Ix2 2uUIqIN] IIMOd WO §

paunsse aode4 jajul Jle Jo03eaadnoas 03 JI%Xd J43asngyip 1058534 dwod Wod

SSO| 3unssaud apIs SBY,uun

juasiad oy

$50| 9UNSsSIAd IPIS S€H,en

1uadasd ¢z°0 8q o1y
550) 3anssaud 8pIS diyex

20°¢ jo ol1iEd

lie/{any e JilimM pajeldosse IsOYl 2q 03 uael apis seb uojeaadndar ayy uo saiisadosd piInjdy

ersd ‘auanssasgd 313|11NnQ Seg 3sneyxy

69°%1 62°71 69°71 69°71 69° Y1 3
£9°G| cv 51 92°G1 50°Sl 18°%1 wun8l!sd ‘aanssaug 191Ul seg sojesadnoay
L6°921 g0°82l 60°621 AR ocigl eysd ‘aunssasg 13|INQ 41y tojesadnoay
S6° 151 §6° 1€l 56°1€1 S6°1€1 §6° 1! ux815d ‘aunssaug 33jul J1y so3esadnday
74081 s 66Ll LoieLl 6°¢8Ll o°oLLl ¥, ‘94niesadwa) 33jul sey sojeuadnday
S 1901 S°1901 s 1ool S 1901 S°i90l ¥, ‘@injesadwd] 33(ul 41y Jo03es2dndIY
00°S 00°¢ 00°S 00°¢ 00°S§ *uom\n_ ‘mop4 sep
sL*Y SL*Y SL*Y SL*Y SL°Y J9s/qf ‘molialy
ol 8 g Y 2 juasuad “(d/dV) ssol aunssaud soiesadnoay

i

>a:hm JINLIWVYEYY ¥01VYIdNIAY NI

Q3sn viva

"IIA 318Vl

56




RANGE OF VARIABLES USED IN ANALYSIS

In the heat transfer analysis the following range of recuperator parameters
was evaluated:

Effectiveness, ¢ 0.4
0.7

Pressure Loss (4P/P) 2.0, 4.0, 6.0, 8,0, :0.C
;> 3 3 b

The recuperator effectiveness is defined as
(W.C,)

e - P/ a Tour - TINAIR
(W-Co) yin (Tix gas = TIv AIR?

where W = Mass flow rate
CP = Specific heat
T = Total temperature

The recuperator pressure loss (AP/P) is defined as

A
(88 )~ (—AIR) + (TeAs )
P PatR IN  TGAS ouT

where the air side and gas side pressure losses include those incurred in
the heat exchanger ducting as well as in the matrix.

Another variable considered in the heat exchanger analysis was the effect
of the recuperator pressure loss split (AP/P)GAS/(AP/P)AIR- For each surface

geometry examined, a series of solutions was run to find the pressure loss
split that gave a minimum weight recuperatoi core. The following range of
pressure loss splits was considered:

Pressure Loss Split (AP/P)GAS/(AP/P) 90/10, 80/20, 70/30

60/40, 50/50, 40/60

For each combination of effectiven2ss and pressure loss, the corresponding

fluid temperatures and pressures from Table VII were factored into the
recuperator analysis.

AIR’

FLOW_CONFIGURATIONS EVALUATED

Fcr the configuration study, it was concluded that the most attractive engine
arrangements from the standpoint of minimum envelope volume could be realized
by wrapping the recuperator around the turbomachinery in such a manner that
the heat exchanger becomes a part of the engine prime structure. With this
integrated concept, there is still a deqgree of freedom as regards recuperator
internal flew configuration.
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From the tubular core geometries, two~, three-, and four-pass sross-
counterflow arrangements were examined and consideration was given to both
the air and th: gas as the multipass fluid. A similar analysis was
carvied out for the finned-tube core georetries.

For the plate-fin core geometries, a counterfiow arrangement was examined
in addition to the fwo-, three-, and four-pass cross-counterflow configura-
tions. Multipassing the gas side only was considered for the plate-fin
cross-counterfliow cases,

TJBULAR SURFACE GEQOMETRY EVALUATION

For the effectiveness and pressure loss range cutiired above, a variaty of
tubuiar surfase gqeometries of the type shown in Figure 35a wuas ccnsiderad
in the recugerater parametric study. The following variables have beon
used i» the analysis.

Flow Confiqurations

Twe-pass cross-iounterflow (AIT* or2 pass, EUT** two pass)

Two-pass crcsu-counterfiow (AIT two pass, EOT ane pass)

Three-pass cross-counterflow (AIT cne pass, FOT three pass)

Four pass cross-counterflow (AIT one pass, EGT four pacs)

®¥Air inside tupe
#*Exhaust outside tube

K11 four engine configurztions =hosen have the high przssure air inside
the tubes and the exhaust gas outside the tubes. This arrangement resuits
in lightweight designs, since the inside Reynnlds number is in a range
where ring-dimpling of the tube wall provides un effective means of
increasing the incide heat transfer coefficient. Since the exhaust gas is
the lower pressure fluid, lignter welght recuperators generally result with
the exhaust gas outside the tubec because, in additon to the above heat
transfer considerations, the shell weight will be lower ani the tubes will
have thinner walls when loaded in tension with internal pressure than
when loaded in compression with external pressure.
Tube Sizes
A fairly wide range of tube ciameters has been ccnsidered as outlined below.

Tube outer diameter, 0.075, 0.10, 0.!25, 0.15, 0.20, 0.25 in.

Tube wall thickness of 0.004 in. was used in heat transfer analysis

58




Low pressure turbine
exhaust gas outside
plain tubes

ar Plain tube surface
geometry

High pressure
compressor dis-
charge air
inside tubes

Low pressurz turbine
exhaust gas outside
Yinned tubes

b) Disc fisned-tute

High pressure surface geometry

compressor dis-
charge air
inside tubes
with plain insert

Disc fin secondary surface
brazed to tube body

Low pressure turbine
exhaust gas

c) Plate-fin surface
geometry

Currugated fin
secondary surface

Tube plate to separate

High pressure fluid streams

compressor dis-

charge air Sealing spacer bars

(matriq assembly cof
furnace brazed
construction)

Figure 35. Typical Recuperator Surface Geometries
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In the range of thicknesses being considered (0.C035 - 0.006 ir.), the
effect of tube wall thickness on matrix volume for a tubular dasign is
insignificant, but the effect on weight and cost is important; this
will be discussed in a later section when optimum solutions have been
estab!ished.

Tube Inside Surface Geometry

To achieve a balance of heat transfer conductances between inside and out-
side tuhular surfaces, some form of internal turbulator is usually employed,
since the heat transfer coefficient for flow inside plain (nonturbulatad)
tubes is several times less than the coefficieni fo. flow outside an
cptimized tube bundle. The best type of internal turhulator, (or:e that
maximizes the ratio of heat transfer conductance to fluid pumping power)
was found to be ring-dimpling of the tube wall. This was determiried during
a previous program in which extensive heat transfar and pressure loss tests
were conducted for a number of tube surfaces of the type shown in Figure 36,
including smooth;, ring-dimpled, venturi-shaped ring-dimpied, roughened
ring-dimpled, knurled, locally (spct) dimpled (spiral and ring) spiral~
dimpled, external (outward) ring-dimpled, and others, The results of these
tests were compared on the basis of thermal conductance versus friction
power. The use of an internal strip turbulator is also a possiktility but

is advantageous only for Reynolds aumbers below about 1500, whare tube

wall dimpling is ineffecZive in promcting turbulence,

AiResearch bases its dimpled tube design data on the heat transfer and
pressure loss tests menticned above. These tests were conducted over a
Reynclds number range from 1,000 to 40,000 for a wide range of tube and
dimple geometries. The results are correlated with a single geometry
parameter, involving dimple depth, dimple spacing, and tube diameter, so
that the friction factor and Colburn nmodulus for flow in dimpled tubes are
obtained as a function of the Reynolds number snd § only. Details of the
ring dimple geometry used in the tubular recuperator analysis are shown in
Figure 37a. Values of the dimple parameter § used in the analysis are
given below.

Dimple Parameter § O (plain tube) 0.02, 0.04, G.06, 0.08

Dimple Parameter defined as = (&§/d)/s/d

where § = dimple depth
d = tube inner diameter
s = dimple pitch
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(a) Ring-dimpled

(b) Venturi-dimpled

(c) Roughened ring~dimplied

i0
e ML j o g O
0 '”“I‘ \
O.\ Q "b.\s O
(e) s3pot-dimpied (ring)
o T Q a7 0

{f) Spot-dimpied {spiral)

AF

{4 Spiral-dimpled

(h) ixrermal ring-dimpled

Figure 3¢. Tube Dimple Geometries.
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Dimple parsmeter ¥ = (8/d) Js/d

it l 5 : Simple depth
3 NS d = Tube Inside diamter
4 ) N Tube d, = Tube outside dismeter
a P -
d A AN S = Dimple pltch
=T\ 200 t = Wall thickness
rf = Tool radius

a) Ring dimple tube geometry

T o

L& 4t

il ] v .
XL x do Ins XL X do Ins
f L]
'| L]
| |
Flow
Staggered tube bundle (SB) In-line tube bundle (IB)

do = Tube outside diameter
XT = Transverse plitch zs defined In sketch
XL = Longltudinal pltch as defined in sketch

Terminology used in recuperator parametric study is lilustrated by the four foliowing examples:

S8 300100 - Staggered tube bundie XT = 3.00, X( = 1.00

18 200125 - Ir-line bundle XT = 2.00, XL =1.25

PLNTD - Plain tube diameter

DMP - Dimple
b) Tube outside surface geometries

Figure 37. Plain Tube Surface Geometries.
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Qutside Tube Geometries

Both staggered tube and in-line tube arrangements have been considered in
the analysis, and details of the tuba patterns are shown in Figure 37b.

In the analysis the following values of lengitudinal and transverse tube
pitches were used:

tongitudinal tube pitch X 1.00 {staggered tube rows)

L
1.24, 1.25, 2.00 (in line tubes)

Longitudinal tube pitch XL
Transverse tube pitch X, = 1.50, 1.70, 2.00, 2.40, 2.70, 3.0
(staggered tube rows)

Transverse tube pitch X, = 1.24, 1.50, 2.00 (in line tubes)

Heat transfer and pressure drop performance for flow outside of staggered
and in~line tube matrices is based on AiResearch test data compiled on 2
series of ciose-packed cores in conjunction with data available from the
literature, for several other matrix geometries. Considerations of geo-
metric and dynamic similarity allow these data to be applied to a wide
range of staggered and in-line tube geometries.

For each of the four engine configurations, extensive use was made of a
computer program written for designing multipass tubular heat exchangers.
In this program multipass cross-counterflow and multipass cross-parallel
flow, tubular two-fluid heat exchangers are defined by an iteration pro-
cedure. Any fluid combination of liquids and gases can be utilized. The
friction factor and Colburn modulus data for both inside and outside tubes
are available in the foim of Lagrangian tables. The outside of the tubes
can either be plain or have circular disc fins or continuous-strip fins.
The inside of the tubes can be plain,dimpled, or have internal fins or
turbulators. Input parameters required include effectiveness, pressure
drop, inlet temperatures and pressures, and the weight flow rate of the
two fluids. Fluid properties, with the exception of the specific heats

in the heat balance calculation, are evaluated at average film temperature.
Core fluid velocity is evaluated at the bulk average temperature. Allow-
ances for shock and turning losses are made as specified muitiples of the
core velocity head. Momentum pressure losses associated with change of
flow area from the ducts to the heat exchanger face are also calculated. Gas _
dencity is calculated on the basis of the perfect gas law and compressibility
factors are used. Multipassing can be accomplished eitner inside or out-
side of the tubes. Surface input information required includes the tube
diameter, the internal surface (dimple detail, etc), the transverse and
longitudinal tube pitch, all material thicknesses, the number of passes,
tube material density and thermal conductivity, and the tube bundle
configuration.

The important outputs from the program include tube bundle inner and outer
diameters, tube number, tube length, and tube weight. Naturally all of the
combinations of surface geometries did not give practical heat exchanger

sizes and weights. From the thousands of computer solutions generated for
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sach engine configuration, a series of designs was selected and the data
plotted. The initial analysis was aimed at establishing the optimum re-
cuperator pressure loss split to give minimum weight solutions. Engine
configurations A-1 and B-] have identical recuperator flow paths {i.e..

AIT one pass and EOT two pass), and a survey of the effect of pressure loss
split on tube weight over a range of effectiveness and pressure loss for
these conflgurations is shown in Figure 38. At the high levels of effec-
tiveness, with a low pressure loss allowance, the tube weight is quite
sensitive tc the recuperator pressure loss split. At the low levels of
effectiveness, the pressure loss split has a very small effect on tube
weight. From this curve array, it has been concluded that practical designs
close to minimum weight could be achieved with a recuperator pressure loss
split (AP/P)GAS/(AP/P)AIR of 60/40 Li.e., (8P/P e = 1.5 (Ap/p)AIR]. This

value has been used throughout the tubuiar recuperator study

During the initial analysis, it was observed that the core sizes and weights
at the 90 percent effectiveness level were excessively large. Even with
the smallest hydraulic diameter surfaces and most compact tube spacings
considered in this study, the minimum core weights were still in the order
of hundreds of pounds, and the tube bundle dimensions were large and in-
compatible with the turbomachinery. For realistic designs, an upper limit
on effectiveness of 80 percent has been used on the graphica! plots,
although computer solutions up to the 90 percent effectiveness level were
obtained as a part of the parametric study.

For the A-1 and B-1 configurations, which thermodynamically have the same
flow pattern, staggered tube patterns were used and both two-pass and four-
pass cross-counterflow arrangements were evaluated with the compressor
discharge air as the single-pass fluid and the turbine exhaust gas as the
multipass fluid. With the four-pass cross-counterflcw arrangements, it

was found that less compact surfaces had to be utilized because of the
small pressure loss allowance; this resulted in a weight and volume penalty
compared with the two-pass arrangements. At the 90 percent effectiveness
level, the four-pass designs showed smaller core sizes and weights, but

the units were extremely large and incompatible with the turbomachinery.

In the graphical presentation of the recuperator parametric data, only the
two-pass cross-counterflow solutions are shown. The salient core d.mensions
for a series of selected staggered tube surface geometries are shown in
Figure 39. The selected designs for the B-I and A-l engine configurations
at the reference engine conditions (effec*iveness = 9,65 and pressure

loss = 6 percent) are shown respactively on pages 71 and 73.

The design of the A-2 configuration is based on a three-pass cross-
counterflow arrangement; to achieve minimum weight solutions that were
compatible with the turbomachinery, it was necessary to utilize in-line
tube patterns. The heat transfer characteristics of this tube pattern are
inferior to those associated with the staggered tube bundle, but the in-
herently lower friction factor means that the surface compactness of the
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in-line tube pattern can be increased to give practical, lightweight recurr-
ator designs that are compatible with the turbomachinery. The salient core
dimensions for a series of selected in-line tube surface geometries are
shown in Figure 40. The selected design for the A-2 engine configuration

at the reference ergine conditions is shown on page 90.

For the B-2 configuration, there is a choice of two-pass o' four-pass cross-
counterflow arrangement. As for the A-i1 and B-! designs, it was found that
the relaxation in core surface compactness necessary for the four-pass
arrangements resulted in a weight and wolume penalty compared with the
two-pass designs, 1In the graphical presentation of the recuperator para-
metric data, only the two-pass cross-counterfiow solutions are shown. The
salient core dimensions for a series of selected stagyered tube surface
geometries are shown in Figure 41. The selected design for the B-2 engine
arrangement at the reference engine condition is shown on page 106,

A summary of the selected designs for the four engine configurations, at
the reference engine conditions, for the tubular recuperator surface
geometries is shown in Table VIII.

FINNED-TUBE SURFACE GEOMETRY EVALUATION

For the effectiveness and pressure loss range outlired in a previous section,
a variety of finned-tube surface geometries of the type shown in Figure 35b
was considered in the recuperator parametric study. The analytical pro-
cedures were similar to those described fo: the plain tubular surface
geometries. The following variables have been used in the analysis.

Flow Configurations

The flow configurations examined were identical to these described in the
tubular surface geometry section.

Tube Sizes

A fairly wide range of tube diameters was considered. Tub' outer diameters
of 0.075, 0.10, 0.125, 0.15, 0.20 and 0.25 inch were evaluated, and a tube
wall thickness of 0.G04 inch was used.

Tube Inside Geometry

In the tubular recuperator section, iightweight solutions were presented
where the inside heat transfer coefficient was substantially increased by
ring-dimpling of the tube wall. With a gas-to-gas heat exchanger made from
small diameter tubes, the addition of finned secondary surfaces on the out-
side of the tubes poses a severe, if not prohibitive, problem in fabricating
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